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Abstract: Pears (cv Rocha) kept under controlled atmospheres (CA) and air were evaluated after long-
term storage in terms of sensory attributes and physicochemical parameters, namely colour, firmness,
polyphenoloxidase (PPO) activity and concentration of hydroxycinnamic compounds. The CA conditions
were all combinations of 2 and 4% (v/v) O2 with 0.5 and 1.5% (v/v) CO2. Storage under CA conditions
produced a beneficial effect on ‘Rocha’ pears in maintaining their quality and, consequently, in extending
their shelf life and acceptability. Clear differences in sensorial attributes, colour parameters and PPO
activity were found between CA- and air-stored pears. The effect provided by the CA conditions persisted
throughout the time of exposure to the open air. The 2%O2 concentration produced amore beneficial effect
than its 4% counterpart on the sensorial and physical characteristics of the pears. The former concentration
of O2 prevented yellowing and allowed regular softening, hence keeping a high flavour quality. No clear
effects could be associated with CO2 levels. Empirical models were developed that describe the effects
of O2 and CO2 concentrations, as well as time at room temperature on physicochemical parameters
pertaining to ‘Rocha’ pears.
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INTRODUCTION
Physical and biochemical responses of harvested fruits
and vegetables under stress conditions may induce
loss of quality and hence reduce their acceptability
to consumers.1 Controlled atmosphere (CA) storage
has been successfully employed to extend the shelf-
life of pears while retaining their quality (ie firmness
and colour).2 However, very little attention has
been paid to the fact that the recommended CA
conditions should also provide beneficial effects on
flavour and taste. During storage, many factors may
act as stress agents, thus making fruits vulnerable
to quality reduction throughout their shelf-life. In
general, the recommended CA conditions for pears
are levels of carbon dioxide between 0.5 and 1.5%
(v/v), levels of oxygen between 2.0 and 2.5% (v/v)
and temperatures between −0.5 and 0 ◦C.3 Pear
response to CA gas composition depends, among
several factors, on cultural practices, storage factors
and pear variety.4–6
In pears, the incidence of browning has been associ-
ated with the concentration of phenolic compounds7,8
and with the activity of the enzyme polyphenoloxidase
(PPO).9 However, it seems likely that other processes
are also involved.10 During senescence, mechanical
injury or exposure to stress conditions, membrane
weakening may occur, resulting in decompartmen-
talisation that in turn leads to the release of PPO
molecules, thus promoting the occurrence of enzy-
matic reactions.11,12
In recent years, interest has arisen in new pear
varieties that can offer wider possibilities of trade,
and, concomitantly, respond to consumer demand for
fresh products.13 ‘Rocha’ pear is one such unexplored
variety which seems to present good storage potential
and unique sensory characteristics.14 The optimisation
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of CA conditions for its conservation, and the study
of its quality characteristics have consequently been
selected as a research objective.15
The goals of this work were thus (1) to compare
the effects of CA and air on the quality attributes
of pears (cv Rocha), in an attempt to meet consumer
expectations, and (2) to search for an empirical model,
that consubstantiates relationships between quality
parameters and storage conditions involved in pear
quality loss after long-term storage.
EXPERIMENTAL
Plant material
Studies were conducted with pears cv Rocha grown
in Alcobac¸a (western Portugal). After harvest, fruits
were stored under CA and air conditions according to
the experimental design detailed below.
Experimental design
Pears were stored using four distinct CA compositions
(ie all possible combinations of 2 and 4% (v/v)
O2, with 0.5 and 1.5% (v/v) CO2); storage in air
was used as control. The CA compositions were
generated via a gas-mixing panel using pure gases
(O2, CO2 and N2). The gas mixtures were initially
set and maintained continuously, and periodically
monitored by gas chromatographic analyses. The
storage was performed in Estac¸a˜o Nacional de
Fruticultura Vieira Natividade (Alcobac¸a, Portugal).
Two experimental chambers, each with a capacity of
225 kg, were used for each storage atmosphere. The
temperature and relative humidity were initially set
and maintained via the refrigeration control system
of the chambers; the temperature therein was kept
at 0–0.5 ◦C and the relative humidity at 90–95%; the
error in the target concentration was ±0.1%(v/v). After
9 months of storage, a first set of pears was removed
and immediately transported to Escola Superior de
Biotecnologia (Porto, Portugal); 1 week later, a second
set was removed and transported likewise. The first set
included the pears stored under 2% O2 + 0.5% CO2
and 2% O2 + 1.5% CO2 (two replicates for each
condition), as well as the pears stored in air (control);
the second set included the pears stored under
4% O2 + 0.5% CO2 and 4% O2 + 1.5% CO2 (again
two replicates for each condition), as well as a second
control. Pears were then allowed to ripen in the open
air at room temperature (18–20 ◦C), hence simulating
the marketing period. The sensory attributes were
assessed after 7 days of exposure to the open air. After
1, 6 and 9 days, pears were instrumentally evaluated for
colour and firmness. Fruits were then peeled, cut into
small pieces and frozen at −20 ◦C before PPO activity
and phenolic compound assays were performed.
Sensory evaluation
Ten panellists were selected based on taste acuity and
discriminatory ability, as described by Stevens and
Albright.16 Tasting was performed in a sensory testing
room with individual booths and controlled lighting
(white). Pears from the different storage conditions
(devoid of skin) were presented simultaneously on
individual coded plates; the samples had been cut into
quarters and peeled just before evaluation, so as to
avoid unwanted oxidation. Two types of sensorial test
took place: a hedonic test and a ranking test.
For the hedonic evaluation, panellists were
asked to indicate their scores by marking a 1–9
scale (1 = dislike extremely, 3 = dislike moderately,
5 = limit of acceptability, 7 = like moderately, 9 =
like extremely) regarding yellow colour, firmness,
sweetness, juiciness and overall quality. The first four
are important attributes perceived in pears,17 whereas
the last one was included because the whole rather
than the individual attributes are important for the
perception of quality in those fruits. For the ranking
test, panellists ranked the samples from the lowest
(labelled ‘5’) to the highest (labelled ‘1’) attribute
intensity perceived; yellow colour, firmness, sweetness
and juiciness were again the attributes evaluated using
this test.
Colour assessment
Pear flesh colour was measured with a hand-held
tristimulus reflectance colorimeter (model CR-300,
Minolta, Mahway, NJ, USA). The skin was removed
just prior to assaying, so as to avoid oxidation. Ten
pears taken at random were used as replicates for each
storage condition and time of ripening. Colour was
recorded using a Hunter L∗a∗b∗ uniform colour space:
L∗ indicates lightness, a∗ indicates chromaticity on a
green (−) to red (+) axis and b∗ indicates chromaticity
on a blue (−) to yellow (+) axis.
Firmness assessment
Pear firmness was measured via a puncture test with
a universal testing machine (model 4501, Instron,
Canton, MA, USA). The 8 mm-diameter puncture
probe was programmed to penetrate 5 mm in a normal
direction, at a crosshead speed of 10 mm min−1, using
a 100 N load cell. The skin was removed from the
test section prior to assaying, and puncturing took
place at opposite sides in the equatorial area. Ten
pears taken at random were used as replicates for
each storage condition and time of ripening. Firmness
was expressed as the maximum force to puncture the
equatorial surface of a whole skinless pear.
PPO activity assay
A pear crude extract was prepared by homogenising
20 g of frozen pear pulp with 20 ml of 0.2 M sodium
phosphate buffer (pH 6.5) containing 2% (w/v)
polyvinylpolypyrrolidone (PVPP) and 0.25% (v/v)
Triton X-100, using an Ultra-Turrax (model T25,
IKA Labortechnik, Staufen, Germany) in an external
ice bath, for 3 min at 1 min intervals. The homogenate
was centrifuged at 4 ◦C and 16 000 × g for 30 min
(Sorvall RC-5C centrifuge, Newtown, CT, USA). The
supernatant was then filtered through cheesecloth and
its volume was recorded.
For the assay reaction, 300 ml of supernatant
was mixed with 2.7 ml of 0.2 M catechol solution
(used as substrate). The reference cuvette contained
only the substrate solution. The rate of increase
in absorbance at 420 nm during 1 min (25 ◦C) was
recorded using a UV/VIS spectrophotometer (model
UV-260, Shimadzu, Tokyo, Japan). Only the linear
part of the absorbance vs time curve was used to
estimate the activity of the enzyme (U g−1 min−1).
One unit of enzymatic activity (U) was defined as
a change of 0.001 units of absorbance under the
aforementioned assay conditions. Triplicate analytical
assays were performed on each of three pear extract
replicates, obtained for every storage condition and
time at room temperature.
Phenolic compound assay
Phenolic compounds were quantified according to
the method of Oszmianski et al.18 Pear extracts were
prepared by homogenising frozen pear pulp samples
with 1% (w/w) ascorbic acid and methanol for
3 min, using an Ultra-Turrax in an external ice bath.
The homogenate was filtered through cheesecloth,
collected and adjusted to pH 7.0 using 5 M NaOH.
The acidic and neutral fractions were resolved in
the filtrate using a preconditioned C-18 Sep-Pack
cartridge (Millipore Waters, Billerica, MA, USA).
Chlorogenic acid was identified in the acidic fraction;
after extraction with a solution of acetonitrile (16%
v/v), (+)-catechin was identified in the neutral fraction.
Flavonols and anthocyanin polymers were eluted using
ethyl acetate and methanol, respectively.
Each fraction was then measured using the
Folin–Ciocalteau reagent.19 Aliquots (1 ml) of each
pear fraction sample were mixed with 5 ml of
diluted Folin–Ciocalteau reagent (1 ml plus 9 ml
of deionised water). After addition of the reagent,
4 ml of 0.075 g ml−1 sodium carbonate solution
was added. After 1 h at 30 ◦C and 1 h at 0 ◦C,
the absorbance of the solution was measured at
760 nm. Chlorogenic acid was used to obtain a
standard curve (in the range 7.0–50.0 mg l−1), from
which the phenolic concentration was calculated
directly. Phenolic compounds were expressed as mg
chlorogenic acid per 100 g fresh weight (FW).
Statistical analysis
There was a 1 week interval between sampling (which
was unavoidable as it was impossible to analyse all
samples simultaneously), so the results from the first
week (set 1) and from the second week (set 2),
both involving the controls, were previously compared
using a paired t-test (assuming equal variances).
No statistically significant differences at the 5%
significance level were detected between the two
controls for either the instrumental measurements or
the hedonic test. Hence it was concluded that no
blocking was required, so all storage conditions could
be directly compared with one another despite the
1 week interval.
The data from the hedonic test were subjected to
analysis of variance (ANOVA) at a significance level of
5% to evaluate the influence of the storage conditions
on the sensorial attributes colour, firmness, sweetness,
juiciness and overall quality. Duncan’s multiple range
test was employed to detect significant differences.
A non-parametric test (Friedman’s test) was used
to analyse the data produced in the ranking test. The
LSD rank was calculated to determine which samples
were significantly different.20
The physicochemical determinations were also
subjected to ANOVA to evaluate the influence of
the same storage conditions.
The influences of time in the open air at room
temperature (X1) and concentrations of oxygen (X2)
and carbon dioxide (X3) of the various storage
conditions were empirically modelled according to
a second-order polynomial, using X1, X2 and X3
as regressors and Hunter’s L∗ (Y1), a∗ (Y2) and b∗
(Y3) values, firmness (Y4) and PPO activity (Y5) as
dependent variables:
Y = b0 + b1X1 + b2X2 + b3X3 + b11X21 + b12X1X2
+ b13X1X3 + b22X22 + b23X2X3 + b33X23 (1)
where b0 is the intercept, b1, b2 and b3 are linear
parameters, b11, b22 and b33 are quadratic parameters,
and b12, b13 and b23 are interaction parameters.
The experimental data were fitted to by eqn (1) via
multiple linear regression, using the software SPSS
(v 9.0, SPSS, Chicago, IL, USA), with F ≥ 0.005 as
criterion of significance for the adjustable parameters.
Experimental data with replicates more than two
standard deviations apart from their average were
rejected as outliers.
RESULTS AND DISCUSSION
Influence of storage conditions on sensory
quality parameters
The hedonic evaluation indicated that pears stored
in air were less preferred than pears stored under
CA conditions in terms of colour, sweetness, juiciness
and overall quality (see Figs 1(a)–1(d), respectively).
However, firmness was not significantly different
between the various storage conditions. Panellists
rated differently with regard to colour and firmness,
as often found owing to personal preferences.21 By
7 days, pears stored in air were already below the
threshold of acceptability in terms of colour, sweetness
and overall quality (Figs 1(a), 1(b) and 1(d)), whereas
those stored under CA conditions were considerably
above that threshold. The hedonic test did not reveal
clear differences between CA conditions. The yellow
colour, sweetness and juiciness contributed actively
to the overall quality of pears: colour, sweetness
and juiciness were highly correlated with overall
appreciation (R2 = 0.95, 0.97 and 0.81, respectively).
Figure 1. Hedonic evaluation of ‘Rocha’ pears, stored under various conditions for 9 months, after exposure for 7 days to the open air at room
temperature, in terms of (a) yellow colour, (b) sweetness, (c) juiciness and (d) overall quality (the box represents the interquartile range, which
contains 50% of the values, the whiskers represent the highest and lowest values, and the full line represents the median).
The ranking test revealed that the sensory panel
perceived pears stored under 2% O2 differently relative
to pears stored in air in terms of colour, firmness and
sweetness. Fruits stored under 2% O2 were scored
as less yellow, more sweet and less firm than pears
stored in air. No differences were detected between
fruits stored at both CO2 levels under 2% O2. Finally,
no differences in terms of juiciness were found
among all storage conditions tested. The panellists
did not perceive differences in the intensity of any of
the attributes evaluated between pears stored under
4% O2 versus the control. Li and Hansen22 reported
that ‘Anjou’ pears tended to be mealy and lacked
flavour when they were left to ripen after long-term
storage in air, in comparison with those stored under
CA conditions.
Influence of storage conditions on physical
quality parameters
Both the nature of the storage conditions and the time
of exposure to the open air affected the colour and
firmness of ‘Rocha’ pears. Our regression analysis
indicated that Hunter’s L∗ value was positively
influenced by the concentration of oxygen (b2) and
by the interaction between the time of exposure to the
open air at room temperature and the concentration
of CO2 (b13) and was negatively influenced by the
square of the time of exposure to the open air at room
temperature (b11), by the square of the concentration
of O2 (b22), by the interaction between the time at
room temperature and the concentration of O2 (b12)
and by the interaction between the concentrations of
O2 and CO2 (b23) (Table 1, Fig 2). After 9 months
of storage, the L∗ value in ‘Rocha’ pears ranged
from 76.3 ± 1.2 to 78.6 ± 0.9 (average ± standard
deviation). Pears stored under all CA conditions
yielded similar levels of lightness (L∗) by 1 day of
exposure to the open air at room temperature (Fig 2).
From the 1st to the 6th day at room temperature,
the lightness decreased for pears stored in air: a
lower L∗ value was found than that recorded for
fruits stored under 2% O2. By 6 days, pears stored
under 4% O2 + 0.5% CO2 yielded essentially the
same lightness as fruits stored under 2% O2; however,
pears stored under 4% O2 + 1.5% CO2 exhibited a
lower L∗ value than those stored under 2% O2. By
9 days, pears stored under air and 2% O2 presented
reductions in lightness.
The experimental values of Hunter’s a∗ ranged
between −4.3 ± 0.4 and −1.8 ± 0.4 (average ±
standard deviation). During the time of exposure to the
open air, the a∗ value increased in all pears, regard-
less of storage condition (Fig 3); such an increase
Table 1. Second-order polynomial model (with estimated values of significant parameters ± confidence intervals, CI, and adjusted coefficient of
determination, R2adj) for colour parameters L
∗, a∗ and b∗, firmness and PPO activity of ‘Rocha’ pears, as a function of the relevant independent
variables
Variable Modela Parameter
Estimated value
± CI (95%)a Unit R2adj
Hunter’s L∗ value Y1 = b0 + b2X2 + b12X1X2 + b13X1X3 + b0 77.2 ± 0.5 (dimensionless) 0.23
b11X21 + b22X22 + b23X2X3 b2 0.5 ± 0.2 (%v/v)−1
b12 −0.004 ± 0.003 day−1 × (%v/v)−1
b13 0.06 ± 0.07 day−1 × (%v/v)−1
b11 −0.015 ± 0.009 day−2
b22 −0.02 ± 0.01 (%v/v)−2
b23 −0.08 ± 0.03 (%v/v)−2
Hunter’s a∗ value Y2 = b0 + b1X1 + b2X2 + b12X1X2 + b0 −2.9 ± 0.2 (dimensionless) 0.85
b13X1X3 + b22X22 + b23X2X3 b1 0.25 ± 0.03 day−1
b2 −0.69 ± 0.08 (%v/v)−1
b12 −0.007 ± 0.002 day−1 × (%v/v)−1
b13 −0.04 ± 0.03 day−1 × (%v/v)−1
b22 0.030 ± 0.005 (%v/v)−2
b23 0.22 ± 0.05 (%v/v)−2
Hunter’s b∗ value Y3 = b0 + b1X1 + b2X2 + b11X21 + b0 11.9 ± 0.6 (dimensionless) 0.84
b12X1X2 + b22X22 + b23X2X3 b1 −0.9 ± 0.2 day−1
b2 1.7 ± 0.2 (%v/v)−1
b11 0.08 ± 0.02 day−2
b12 0.020 ± 0.005 day−1 × (%v/v)−1
b22 −0.070 ± 0.008 (%v/v)−2
b23 −0.5 ± 0.1 (%v/v)−2
Firmness Y4 = b0 + b1X1 + b2X2 + b11X21 + b0 79.4 ± 1.5 N 0.97
b12X1X2 + b13X1X3 b1 −11.4 ± 0.6 N × day−1
b2 −0.2 ± 0.1 N × (%v/v)−1
b11 0.52 ± 0.06 N × day−2
b12 0.03 ± 0.02 N × day−1 × (%v/v)−1
b13 −0.4 ± 0.1 N × day−1 × (%v/v)−1
PPO activity Y5 = b0 + b1X1 + b2X2 + b11X21 + b0 1779.6 ± 207.5 U × (g × min)−1 0.83
b23X23 + b33X23 b1 −343.6 ± 83.1 U × (g × min)−1 × day−1
b2 59.8 ± 9.9 U × (g × min)−1 × (%v/v)−1
b11 29.6 ± 8.1 U × (g × min)−1 × day−2
b23 −77.1 ± 53.6 U × (g × min)−1 × (%v/v)−2
b33 104.6 ± 103.8 U × (g × min)−1 × (%v/v)−2
a Including only the parameters that are statistically significant at the 5% significance level.
was confirmed by the positive value of b1 in eqn 1
(Table 1). In addition, the a∗ value was negatively
influenced by the concentration of O2 (b2), by its
interaction with the time in the open air at room
temperature (b12) and by the interaction between the
time of exposure to the open air and the concentration
of CO2 (b13). Conversely, the a∗ value was positively
influenced by the square of the O2 concentration and
by the interaction between the concentrations of O2
and CO2. By 1 day of exposure to the open air at
room temperature, pears stored in air and under the
two CA conditions with 0.5% CO2 presented lower
a∗ values than those stored under 1.5% CO2 (Fig 3).
By 6 days of exposure to the open air, pears stored
in air had the lowest a∗ value and those stored under
2% O2 + 1.5% CO2 had the highest one. By 9 days,
pears stored in air again showed the lowest a∗ value
and those stored under 2% O2 the highest one.
The experimental values of Hunter’s b∗ ranged
from 12.1 ± 1.1 to 20.0 ± 1.9 (average ± standard
deviation). When exposed to air at room temperature,
the value of b∗ tended to decrease for pears stored
under almost all conditions; however, a slight increase
was observed by 9 days of exposure to the open air at
room temperature (Fig 4). The decrease in the b∗ value
as time at room temperature elapsed and the increase
observed afterwards are apparent in the negative value
of b1 and the positive value of b11 (Table 1). Hunter’s
b∗ value underwent an increase with concentration of
O2 during storage, as confirmed by the positive value of
coefficient b2, as well as by the interaction between the
time of exposure to the open air at room temperature
and the concentration of O2. A negative effect was
ascribed to the square of the O2 concentration and
to the interaction between the concentrations of O2
and CO2. After 9 months of storage and by 1 day
of exposure to the open air at room temperature,
pears stored in air presented the highest b∗ value, and
those stored under 2% O2 + 1.5% CO2 the lowest
one (Fig 4). By 6 days at room temperature, pears
Figure 2. Hunter’s L∗ value of ‘Rocha’ pears, throughout time of exposure to the open air at room temperature, following 9 months of storage
under (a) air, (b) 4% O2 + 0.5% CO2, (c) 4% O2 + 1.5% CO2, (d) 2% O2 + 0.5% CO2 and (e) 2% O2 + 1.5% CO2 (points represent average
experimental values, bars represent standard deviation and lines represent fitted model—eqn (1), Table 1).
stored in air still exhibited the highest b∗ value and
those stored under both CA conditions at 2% O2
the lowest one. Storage in air produced the highest
b∗ value in fruits by 9 days and the lowest in fruits
stored under both CA conditions at 2% O2 and
4% O2 + 1.5% CO2.
Colour differences detected by the sensory panel
could be related to changes in Hunter’s a∗ and
b∗ values. The instrumental colour parameters, ie
Hunter’s a∗ and b∗, were positively correlated with
the sensory assessment of colour (R2 = 0.99 and
0.96, respectively). Drake2 reported significant colour
differences in the flesh of ‘Bosc’ pears after 6 months of
storage, under CA conditions with low (1% (v/v)) and
high (3% (v/v)) CO2 concentrations and the same level
(1.5% (v/v)) of O2. Pears stored under 3% CO2 were
less yellow and presented a lower b∗ value than those
stored under 1% CO2; however, as time in the open
air elapsed, the differences became negligible. Colour
degradation in pears was reduced during storage under
low O2 and CO2 levels, and the changes observed
afterwards were due mainly to cultivar factors.23
Information available in the literature pertaining
to the effects of CA application on the colour (in
overall terms, as well as separately via its L∗, a∗ and
b∗ components) of the pulp of pears is scarce. Our
sensorial results indicated that pears stored in air were
less preferred and simultaneously more yellow than
those stored under CA conditions. The instrumental
evaluation of air-stored samples indicated lower L∗
values, lower a∗ values and higher b∗ values than
for samples stored under CA conditions, which
corresponded to more preferred and less yellow
samples in sensory terms. These observations, coupled
with information presented below that air-stored
samples possessed higher PPO activity, allow one to
Figure 3. Hunter’s a∗ value of ‘Rocha’ pears, throughout time of exposure to the open air at room temperature, following 9 months of storage under
(a) air, (b) 4% O2 + 0.5% CO2, (c) 4% O2 + 1.5% CO2, (d) 2% O2 + 0.5% CO2 and (e) 2% O2 + 1.5% CO2 (points represent average experimental
values, bars represent standard deviation and lines represent fitted model—eqn (1), Table 1).
hypothesise that air-stored samples were in a more
advanced stage of ripening, hence leading to a shorter
storage life.
The experimental values of firmness of ‘Rocha’
pears after 9 months of storage ranged from 13.6 ±
3.9 to 70.7 ± 5.6 N (average ± standard deviation).
Firmness decreased throughout time of exposure to the
open air at room temperature (Fig 5); such a decrease
was confirmed by the negative value of parameter
b1 (Table 1). The regression analysis indicated that
firmness changes were positively affected by the
square of the time of exposure to the open air at
room temperature (b11), as well as by the interaction
between the time of exposure to the open air and
the concentration of O2 (b12). Conversely, firmness
was negatively influenced by the concentration of
O2 (b2) and by the interaction between the time of
exposure to the open air at room temperature and the
concentration of CO2 (b13). Firmness of pears was
much more influenced by the time of exposure to the
open air than by the storage conditions (Fig 5).
The lack of extensive CA effects on the firmness
of this pear cultivar is somewhat unique. Recall that,
despite the metabolic processes of fruits being slowed
down under refrigerated and CA conditions, the fruits
use their reserves to maintain cellular functions. One
piece of evidence for the continuation of cellular
metabolism is the increase in water–soluble pectic
material and galacturonic acid,24 which are products
of the dissolution of the cell wall; a consequence of
the dissolution of the cell wall components and of
the increase in water–soluble pectin components is
the softening of the fruit. The small effect actually
observed on the firmness of ‘Rocha’ pears by the
various storage conditions tested may be disguised by
the major effect of time in the open air—in fact, when
Figure 4. Hunter’s b∗ value of ‘Rocha’ pears, throughout time of exposure to the open air at room temperature, following 9 months of storage
under (a) air, (b) 4% O2 + 0.5% CO2, (c) 4% O2 + 1.5% CO2, (d) 2% O2 + 0.5% CO2 and (e) 2% O2 + 1.5% CO2 (points represent average
experimental values, bars represent standard deviation and lines represent fitted model—eqn (1), Table 1).
removed after a long-term storage, they will rapidly
soften.
After 1 day of exposure to the open air, firmness
was lower for pears stored in air and under 2% O2 +
0.5% CO2; however, after 6 days, no differences were
detected between pears stored in air and under any
CA condition (Fig 5). By 9 days of exposure to the
open air, pears stored in air were firmer than those
stored under 2% O2 + 1.5% CO2. Similar results were
obtained by Li and Hansen,22 who reported that pears
stored in air were firmer than those stored under CA
conditions.
Influence of storage conditions on chemical
quality parameters
After 9 months of storage, the PPO activity ranged
between 789 ± 214 and 2880 ± 331 U g−1 min−1
(average ± standard deviation). Pears stored in air pre-
sented higher PPO activity than those stored under CA
conditions (Fig 6). During the time of exposure to the
open air at room temperature, a decrease in the PPO
activity was observed for pears from all storage condi-
tions, followed by an eventual levelling-off; this pattern
was confirmed by the negative value of b1 and the pos-
itive value of b11 (Table 1). The enzymatic activity
was positively influenced by the concentration of O2
(b2) and by the square of the concentration of CO2
(b33). The regression analysis indicated that the PPO
activity was negatively influenced by the interaction
between the concentrations of O2 and CO2 (b23). The
lower PPO activity found in pears stored under CA
conditions compared well with that of pears stored in
air; this could be the result of the inhibition caused by
the low O2 and high CO2 concentrations, yet a clear
Figure 5. Firmness of ‘Rocha’ pears, throughout time of exposure to the open air at room temperature, following 9 months of storage under (a) air,
(b) 4% O2 + 0.5% CO2, (c) 4% O2 + 1.5% CO2, (d) 2% O2 + 0.5% CO2 and (e) 2% O2 + 1.5% CO2 (points represent average experimental values,
bars represent standard deviation and lines represent fitted model—eqn (1), Table 1).
relationship could not be unfolded between PPO activ-
ity in pears and its dependence on CA conditions.9,12
PPO activity in apples also decreased after storage
under CA conditions; such a reduction could be the
result of a decline in the concentration of such acti-
vators as fatty or organic acids, or of the reduction of
phenolic substrate synthesis.25
With respect to the composition of phenols in the
pulp of ‘Rocha’ pears, the acidic fraction accounted
for ca 90% of the total phenolic content (Table 2;
data on the neutral fraction are not reported because
of lack of sensitivity of the assay employed). This
fraction comprised all the hydroxycinnamic acid
derivatives (mainly chlorogenic acid), which are
the most prominent phenolic compounds present
in the pulp of pears;8,13,26 in this case the range
was 13.9–21.0 mg chlorogenic acid per 100 g FW.
The contents of catechins and flavonols are not
reported since their low concentration did not
allow an accurate determination by this method.
The hydroxycinnamic acids, together with flavan-
3-ols, have been claimed to be good substrates
for PPO.27 After 9 months of storage and 1 day
of exposure to the open air at room temperature,
a higher level of the acidic fraction was observed
in pears stored under the two conditions with
2% O2 than in those stored under 4% O2 + 0.5% CO2
(Table 2). After 6 days of exposure to the open
air at room temperature, a higher concentration of
this fraction was recorded in pears stored under
2% O2 + 0.5% CO2 than in those stored in air and
under 4% O2 + 0.5% CO2.
A poor correlation was found between the
concentration of hydroxycinnamic compounds and
Figure 6. Polyphenol oxidase (PPO) activity of ‘Rocha’ pears, throughout time of exposure to the open air at room temperature, following 9 months
of storage under (a) air, (b) 4% O2 + 0.5% CO2, (c) 4% O2 + 1.5% CO2, (d) 2% O2 + 0.5% CO2 and (e) 2% O2 + 1.5% CO2 (points represent
average experimental values, bars represent standard deviation and lines represent fitted model—eqn (1), Table 1).
Table 2. Acidic fraction content (mg per 100 g FW)a of ‘Rocha’ pear
after exposure to the open air at room temperature following
9 months of storage
Time in open air (days)
Storage condition 1 6
Air 18.9 ab 15.4 b
4% O2 + 0.5% CO2 14.0 b 15.8 b
4% O2 + 1.5% CO2 17.7 ab 17.0 ab
2% O2 + 0.5% CO2 19.3 a 19.4 a
2% O2 + 1.5% CO2 21.0 a 16.2 b
a Means separation within columns by Duncan’s multiple range test
(P = 0.05); significantly different means are followed, by different
letters.
the PPO activity in pears stored in air and under CA
conditions. On the other hand, a moderate correlation
could be established between Hunter’s a∗ and b∗ values
and PPO activity (R2 = 0.4 and 0.5 respectively).
CONCLUSIONS
CA-stored pears were preferred over air-stored pears in
terms of their sensory parameters, ie colour, sweetness,
juiciness and overall quality. Even after 9 months, CA-
stored pears were above the limit of acceptability,
unlike those stored in air. The preference of the panel
was in the direction of less yellow, sweeter and less
firm pears.
Clear differences in colour parameters were detected
between pears stored in air and under CA conditions
by 9 months of storage. The effect provided by the CA
conditions persisted throughout the time of exposure
to the open air at room temperature. Pears stored
under CA conditions presented higher a∗ values and
lower b∗ values than those stored in air.
A small effect of the CA conditions on firmness,
when compared with the influence of time of exposure
to the open air at room temperature, was detected
after 9 months of storage. Our results showed that
both sensory firmness and instrumental firmness were
lower for pears stored under CA conditions than for
those stored in air. Furthermore, this attribute was not
perceived equally in terms of preference by the sensory
panel. Therefore, future research should attempt to
clarify the influence of CA storage on pear firmness.
PPO activity was higher for air-stored pears than
for CA-stored ones. An acceptable relationship was
found between PPO activity and colour parameters a∗
and b∗, but no relationship was ascertained regarding
phenolic content.
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